Abstract-In 2016, South Africa's, steel production was down by 4.5% year-on-year . This was due to both a struggling economy and a world surplus in steel supply. Therefore, in order for South Africa to remain competitive in the global steel market, the current emphasis on cost reduction needs to be maintained. It is thus important for personnel at iron-and steel-manufacturing plants to be aware of the risks associated with electricity costs. There is however a lack of knowledge regarding electricity cost savings and personnel therefore do not have the practical understanding necessary to help them achieve electricity savings. The need therefore exists to establish a framework to identify, prioritise and implement electricity cost reduction in the South African steelproducing environment. Current energy cost reduction strategies focus on large capital expenditure (capex) projects. Steel plants in South Africa have limited capex to spend on energy cost reduction. The focus of this paper will therefore be on opportunities that involve operational changes on steelmaking plants. Many operational changes can be implemented with little or no capex. The impact of these changes can also result in quick benefits. After developing and implementing the framework on a case study plant, a total of R9 907 910 per annum worth of possible savings is identified.
projects, such as railway lines, which have not been implemented. However, National Treasury has outlined in the 2016 budget speech that R291.6 billion will be invested in the steel-intensive logistic and transport sector [1] . Fig.1 . Shows the increase in electricity tariff against the inflation rate in terms of the consumer price index [3] . Up to 2007, it was below the inflation rate before it increased in 2008 as indicated on the graph. Without additional increases requested, electricity tariff will have increased by 300.7%, which is 255.6% higher than the inflation rate increase. As discussed in section 1.1, this will have a crippling effect on iron and steel industry. Fig.1 . Eskom average tariff increase versus inflation (consumer price index) [3] 1.3 Basic iron and steelmaking and the use of energy in the process Steel is typically produced using a primary and a secondary process. It is divided into iron making and steel making. Steel is produced using two main methods that are used separately or in combination, namely, [2] , [4] : Integrated steel mill method; i.e. using the blast furnace-basic oxygen furnace (BF-BOF) route; and Electric arc furnace (EAF) method. Energy inputs for a process mean associated costs. Further, a significant portion of the cost to produce crude steel is the required energy inputs. Improving energy efficiency can result in reduced production cost. With reduced production cost, a steel producer can become more competitive in the steel industry [2] .
Electricity demand in South Africa
The World Steel Association states that an integrated steel facility's main energy sources are divided as follows [2] : 55% coal; 35% electricity;
Framework for operational changes to reduce electricity costs in the South African steel industry Wynand J.J. Breytenbach, Hendrik G. Brand and Johan H. Marais 5% natural gas; and 5% from other gases. The blast furnace uses coke as it's major source of energy. In the process, coke holds the roles of reductant, burden support and fuel. There is a global increase in the use of alternative fuels and reductants for blast furnace ironmaking, thus replacing expensive metallurgical coke [5] . Thus, within the global production of molten iron (pig iron), coke is partially replaced by pulverised coal injection (PCI) and injection of secondary fuels such as biomass and plastics.
Electrical energy is a significant requirement for numerous large processes in steelmaking as well as sub processes such as:
EAF; Rotary drive mechanism for a direct reduction iron (DRI) kiln, conveyors and feeders; Casting; and Rolling.
OPERATIONAL CHANGES AND ELECTRICITY COST

REDUCTION
Existing energy management solution and frameworks
2.1.1
Integrative conceptual framework Schulze et al. [6] developed a comprehensive approach to energy management. For personnel in industrial plants, this research assists with decision-making to approach and obtain energy efficiency and cost savings. Fig.2 . shows a flow diagram of the developed framework. 
2.1.3
Operational intervention for electricity cost savings Ashkok [8] studied load management based on programmable logic controllers, specifically in steel rolling mills. The author used an integer programming technique to minimise electricity costs. The electricity costs are minimised by scheduling the loads while still satisfying the process, maximum demand and production constraints [8] . Fig.3 . shows an example of a load shift on a steel making facility, where the production is shifted to low electricity price times. Eskom, The Department of Trade and Industry; and The South African Revenue Services (SARS).
12L
To claim this incentive, a baseline and an assessment period need to be established and the data sources need to be compliant. The results need to be calculated and reported by a South African National Standards Association accredited M&V team [9] .
The South African National Energy Development Institute (SANEDI) has to ensure that this incentive is effective and credible. The only exclusions and limitations to this incentive are the following [9] The IDM model works with a R/MW energy savings benchmark.
FRAMEWORK FOR REDUCING ELECTRICITY COSTS
Facility engagement and planning
Top plant management commitment
The steelmaking facility needs to be fully engaged in the objective of saving costs by making operational changes. This part of the framework lays the foundation for its own success.
In most cases, specifically in South Africa, the energy leader/manager does not form their own department. This makes it difficult for an energy manager who has limited access to resources to identify, manage and implement projects. Fig.4 . shows the flow of command from the energy manager down to the implementation of the project. This is the typical scenario for energy management in South African steel plants. 
3.1.2
Facility-specific energy champion This study specifically focuses on promoting an effective framework for facility energy champions to obtain electricity cost savings through operational changes. Appointing an energy champion is critical. It is important that the energy champion should be competent with the following aspects:
Have a strong drive to promote energy savings; Be familiar with the plant regarding production and energy use; Have good support from staff on the facility; and Be in good standing with top management to receive support. Operational changes are an aspect that a facility manager, who focuses on production, may be hesitant and reluctant to focus on. It is therefore important to appoint the best facility-specific energy champion.
Evaluate the role player's involvement and
requirements The role players are the institutes involved in the framework to obtain electricity cost savings. Identifying the role players is important for the successful implementation of the framework. The role players included in this section of the framework are:
The steelmaking facility; Government rules and regulations; Eskom; Section 12L tax incentive; and M&V. Fig.5 . shows the process flow for the role players involved in obtaining electricity cost savings through operational changes. 
Operational identification
The operational flow is an important part of the framework. In this section of the framework, the focus is on identifying processes, and characterising and analysing the system. Within the operational flow, the energy champion will be able to identify and prioritise any electricity cost saving opportunities. This is the most technical part of the framework. Fig.6 . shows the operational flow part of the framework. 
System characterisation
System characterisation forms part of the operational flow in the framework. With the system characterisation, all the necessary information is gathered to identify electricity cost saving opportunities. This section focuses mainly on the required system data and understanding operations as part of the framework. The information required to characterise the system can be divided into five categories. The breakdown of these categories is presented in Fig.7 . A prioritisation function is developed for the user to easily identify the specific steelmaking facility to focus on for electricity cost savings through operational changes. The function ranks the plant according to different variables that influence the function.
The function includes IDM funding, 12L tax incentive and capex. The weight of capex in the equation is negative. A plant with an electricity cost reduction initiative that requires capex will automatically be ranked lower than a facility that does not require capex. Although capex is part of the budget for large plants, due to the current econim situation, capex has been stopped or limited to projects with extremely low payback periods.
The prioritisation function takes into account the power (Pt) and the intensity (Pi) ranking of the plants on which a possible project are identified. The power ranking is based on the total power of the specific plant and the intensity ranking based on the power consumed per ton of product produced.
The prioritisation function developed is displayed in Equation 1:
Eq. 1 Table I shows the ranking of the fixed variables. From high to low depending on power ranking From high to low depending on power ranking From high to low depending on power ranking From high to low depending on intensity ranking From high to low depending on intensity ranking
From high to low depending on intensity ranking
There are 4 scenarios that can be simulated for each identified energy cost saving initiative. For each facility, there are 9 possible rankings. It is important to remember that there is no known application of obtaining Eskom IDM funding and claiming a 12L tax rebate. It is therefore not included as a viable combination of the prioritisation equation.
= ( , , ) + ( ) × ( + )
Eq. 2 = ( , , ) + ( ) × ( + )
Eq. 3 = ( , , ) + ( ) + ( ) × ( + )
Eq. 4
= ( ) + ( ) + ( ) × ( + )
Eq. 5
After applying the equations to all the plants on a steel works, the prioritisation model gives a ranking from high to low. Characterised system and prioritised facility to be analysed Fig.8 . shows the ranking after the prioritisation was applied on test data. Facility A where an energy efficiency project can be implemented with IDM Eskom funding, is the priority facility to implement a cost saving project on. Fig.8 . Facility prioritisation ranking with each operational change scenario 3.6 System analysis for project feasibility and implementation With system analysis, it is important that the process identification, facility identification and system characterisations are complete. An initial investigation is required to understand the possibility of implementing an electricity cost saving project with operational changes. It also allows the plant to apply for project funding if a funding opportunity is identified. Fig.9. shows the highlevel system analysis flow. Fig.9 . System analysis operational flow 3.7 Operational framework roadmap ISO is currently an important topic for reporting and regulation purposes. The framework complies with the outcomes stipulated in the ISO 50001 documentation. The framework also complies with the PDCA cycle as stated in the ISO 50001 energy management strategy and compliancy. The fact that the framework can be ISO 50001-compliant, makes it simple for the plant to apply for ISO 50001 certification.
The step-by-step framework consists of nine steps that can be followed to implement the framework and achieve the roadmap goal. These steps are summarised in Fig.10 ..
Fig.10. Developed framework on an ISO 50001 roadmap
This section focused on developing the framework for operational changes to reduce electricity cost. It is the core of the study and this thesis. All the models and techniques used in the framework will be verified and validated on a real-life steel plant. The chapter focused on the following building blocks as part of the framework:
Facility engagement and planning; Role players; and Operational flow. The framework was developed incorporating techniques in the industry as well as standards in the steelmaking industry.
IMPLEMENTING THE FRAMEWORK
Plant A background
Plant A is a steelmaking plant situated in South Africa and form part of a global steel group. Plant A is one of the largest suppliers of flat steel products in sub-Saharan Africa. The plant is an inland steelmaking plant, which makes it unique -especially for the export market. The objective on corporate level for Plant A is to grow an established share in the local steel market in South Africa.
Plant A has the capacity to produce 2.9 million tonnes of liquid steel per annum. In 2014, Plant A used 75% of its available capacity. Plant A has completed two capex projects in 2016, namely, installing BOF off-gas coolers Units 1 and Unit 2, as well as converting capability to produce double-reduce material. It is evident that limited capex is spent on projects for this steelmaking group. No capex was specifically spent on reducing electricity costs. Step 1: Obtain top management commitment
Step 2: Identify facility-specific energy champion
Step 3: Identify the scope and the boundaries of the framework
Step 4: Understand the role players
Step 5: Identify process
Step 6: Identify facilities
Step 7: Do system characterisation
Step 8: Do system analysis
Step 9: Implement operational change to reduce electricity costs Plant A is used to verify the framework. An Eskom DSMfunded project was identified and implemented by an ESCo together with Plant A.
The compressor plant was identified as the highest priority plant for implementing operational changes to reduce electricity costs. It was identified using the prioritisation model (Eq.2 -Eq.5). Fig.11 . show Plant A's facilities ranked from highest prioritisation function value to the lowest. It can be seen that the Compressor plant is the highest priority based on the prioritisation model.
An electricity cost saving project implemented by the ESCo was the project identified on the compressor plant within the framework. The compressor plant forms part of the infrastructure unit on Plant A. 
Verification and validation of the framework
The framework consists of several elements that have specifications that need to be verified as shown in Table II .
4.2.1
Simulation The compressor plant simulation was verified using the theoretical equation for compressed air. The theoretical calculation was done and a saving calculated with a 20 kPa drop in the low-pressure header set point.
4.2.2
Electricity cost reduction The framework guides the user towards implementing operational changes to reduce electricity costs. The savings obtained from the implementation on Plant A verified that cost savings in the range of R10 million can be obtained. This is a significant reduction in electricity costs and the electricity cost reduction element can be deemed verified.
"No capex"
The "no capex" element can be verified because the operational changes did not require any investment from Plant A. It is important to note that man-hours were used and software implemented. These costs were covered by the funding received from Eskom through DSM initiatives. The "no capex" element of the framework is thus verified through the implementation of the framework on Plant A. 
System characterisation
Identification and prioritisation model
Identify and prioritise the facility to implement operational changes on.
Excel-based simulation.
System analysis and implementation
Simulation
Simulation needs to project possible electricity cost reduction through operational changes.
Theoretical compressor calculations to identify the simulation.
Cost reduction
Need to obtain electricity cost reduction with operational changes.
Use implemented results.
Capex
Need to identify, prioritise and implement savings without capex investment.
Identify if any investment was required.
Easy-to-use framework
Identify if the framework can easily be applied on a steelmaking plant.
Quantify the time to apply the framework.
Overall framework
Application Have all the elements been verified? Verify all the elements.
4.2.4
Easy-to-use and quick to implement This part of the framework has to be verified in terms of the time that was used to implement operational changes for electricity cost reduction. For this part of the verification, the capex plan for Plant B was used to identify the time to implement a normal identified capex project for electricity cost reduction. Due to confidentiality, only three projects are named. Three capex projects, already identified by the plant, and the indicators calculated were also included in the table to compare the time for implementation and its related costs.
The values from the plant were real values and were used as comparison for the operational change project. All the values were calculated over a one-year period. The following equations were used in obtaining the results:
Eq. 8
Eq. 9
Assumptions: R1 is assumed for zero capex spent. 10% of the compressor plant energy champion's time would be spent on implementing the operational change to reduce electricity cost. 5% of the compressor plant energy champion's time would be spent on the project performance for the lifetime of the project.
One man-year costs R2 000 000 for involving a facility manager.
The comparison in Table III shows that the operational change initiative satisfies the specification and the objective. The Compressor plant project is compared with current project ideas identified by the Plant A personnel. The payback period is the shortest together with a shorter implementation time. The payback period is so small that it can be seen as zero. The required man-years are less than for the capex projects. The net present value (NPV), in terms of the current value, is an important indicator and is more than double that of the largest proposed capex project. The framework developed was implemented on a steel plant. Part of the implementation was to verify and validate the framework. It was found that the framework was validated and that electricity cost could be reduced by applying the framework for operational changes.
Plant A was used as case study. More than R9 million possible savings were identified and already partially achieved.
SUMMARY
The steelmaking industry in South Africa is struggling to remain competitive within local and global markets. Due to economic growth strain in the global and South African steel industry, steel plants cannot spend capital to reduce electricity using energy efficient equipment.
It was identified that a framework for operational changes to reduce electricity costs was required.
The identification and prioritisation model guides the user of the framework. The user is guided to the facility where electricity cost savings would be the most likely to be obtained through operational changes. It also considers that cost savings need to be obtained in a short period with little to no capex.
The aim of the operational analysis is to guide an energy champion to identify and implement specific operational changes to reduce electricity costs.
The framework was divided into single elements that were verified separately. All the elements were given specifications to be met by implementing the framework.
The framework was verified using Plant A. A positive result was obtained for all the questions posed for the different elements. An electricity cost saving of R9.9 million was achieved by applying the framework to Plant A by implementing the identified operational change, which was an energy efficiency project. The compressor plant facility on Plant A was prioritised as the facility for implementation.
